The electrochemical behavior of potential orthopedic Mg-Ca, AZ31 and AZ91 alloys was studied in Hank's solution, Dulbecco's Modified Eagle's Medium (DMEM) and serum-containing medium (DMEM adding 10% fetal bovine serum (DMEM+FBS)) over a 7 day immersion period. The biocorrosion of the above three alloys for various immersion time intervals was investigated by linear polarization and electrochemical impedance spectroscopy (EIS). After 7 day immersion, potentiodynamic polarization tests were carried out and the surface morphologies of experimental samples were examined by scanning electron microscopy (SEM) observation complemented by energy-disperse spectrometer (EDS) analysis. It was shown that the corrosion of magnesium alloys was influenced by the composition of the solution. The results indicated that chloride ion could reduce the corrosion resistance and the hydrocarbonate ions could induce rapid surface passivation. The adsorbed amino acid on the experimental magnesium alloys' surface increased their polarization resistance and reduced current densities. The influence of the serum protein on corrosion was found to be associated with the magnesium alloy compositions. A Mg-Ca alloy exhibited an increased corrosion rate in the presence of serum protein. An AZ31 alloy showed an increased corrosion rate in DMEM+FBS in the initial 3 day immersion and the corrosion rate decreased thereafter. An AZ91 alloy, with high Al content, showed a reduced corrosion rate with the addition of FBS into DMEM.
Introduction
Magnesium alloys have gained increasing interest as potential biodegradable biomaterials in recent years due to their proper mechanical properties and good biocompatibilities, especially in orthopedic surgery [1] [2] [3] [4] [5] [6] [7] [8] [9] . The results obtained from current in vitro and in vivo tests indicated that AZ31 [2] , AZ91 [2, 3] 3 Author to whom any correspondence should be addressed.
and Mg-Ca alloys [8, 9] will gradually degrade within bone and the degradation process, with the generation of Mg 2+ , OH − and H 2 , will not induce toxicity to the host [10] . The biodegradation or corrosion process for magnesium alloys should be carefully elucidated with reference to the shelf life of the device and loss of strength during degradation [11] .
Corrosion predictions become difficult as not only does the implant environment vary from one patient to another, but it can also vary with time [12] . The establishment of proper evaluation environment and techniques for a bioabsorbable magnesium alloy is required [13] . To date, many studies have focused on the corrosion of magnesium alloys in solutions containing only inorganic ions, such as NaCl, SBF [9, 14] , Hank's [6, 15] and Ringer's solution [16] . Organic molecules can also affect the corrosion of magnesium alloys. Liu [17] reported that the addition of bovine serum albumin (BSA) significantly suppressed the corrosion reactions of an AZ91 alloy and higher BSA concentration caused decreased corrosion susceptibility. Müller [18] found that the i corr of pure Mg, AZ31 and LAE442 alloys in albumin-containing solutions was higher than that in plain PBS. Rettig [19] assumed that albumin might form a blocking layer on the surface of WE43 in the first hours of exposure to solution. Although the works [17] [18] [19] have taken account of proteins, continuous monitoring of the interactions of both inorganic and organic components on the corrosion of magnesium alloys, over a period of time, has rarely been reported.
In this study, three kinds of solution (Hank's solution, DMEM and DMEM+FBS) simulating body fluids were adopted to examine the corrosion behavior of Mg-Ca, AZ31 and AZ91 alloys by continuously monitoring the change over a 7 day immersion period. The aim was to find how each component, such as the inorganic salts, amino acids and serum proteins, affects the corrosion of magnesium alloys, to elucidate whether the changes of inorganic and organic components have the same effect on different kinds of magnesium alloys. The electrochemical characterization was used to monitor the corrosion process, for instance with impedance spectroscopy and polarization techniques. Monitoring the corrosion process over a long immersion period is possible with impedance spectroscopy and linear polarization; therefore, changes of the electrochemical properties of the corrosion layer and the corrosion resistance can be tracked. These in vitro mimic test results will be helpful for an accurate understanding of the reaction of magnesium alloys in vivo.
Experimental details
The as-extruded Mg-Ca (98.78 wt% Mg, 1.22 wt% Ca) alloy, with the extruded ratio of 17, was prepared in our laboratory [9] . The extruded ratio of AZ31 (95.80 wt% Mg, 2.87 wt% Al, 0.85 wt% Zn, 0.38 wt% Mn, 0.10 wt% Si) and AZ91 (89.59 wt% Mg, 9.21 wt% Al, 0.80 wt% Zn, 0.34 wt% Mn, 0.06 wt% Si) alloys was 40. All samples with 2 mm thickness were cut from the extruded rods of 12 mm in diameter and ground to 2000 grit, ultrasonically cleaned in acetone, methanol, deionized water and then air dried. A wire lead was attached to one round section of each sample using a small amount of conducting paste covered by coldsetting resin. The opposite round section of each sample was exposed to the solution, with the area of about 1 cm 2 . A threeelectrode cell was used for electrochemical measurements. The counter-electrode was made of platinum and the reference electrode was a saturated calomel electrode (SCE). The electrochemical tests were carried out at 37
• C in three The open circuit potentials (OCP, which is the free corrosion potential of experimental samples indicating their corrosion tendency in solutions) of the three experimental magnesium alloys were monitored over 7 days. The linear polarization resistance (R p , which is inversely proportional to corrosion current and thus indicates the corrosion resistance) was measured at 1 day intervals, within ± 10 mV with respect to its OCP, at 1 mV s −1 . An average of three measurements was taken for each group. Potentiodynamic polarization tests were carried out at a scanning rate of 1 mV s −1 and the initial potential was 300 mV below corrosion potential (E corr ). Polarization measurements were done after 7 day immersion to measure the corrosion rates of the samples. The electrochemical impedance spectroscopy (EIS) measurements were carried out from 100 mHz to 100 kHz at OCP values. The impedance measurement was done once a day. The changes in the surface morphologies and surface compositions of the experimental samples after polarization were characterized by environmental electron microscopy (ESEM, Quanta 200FEG), equipped with energy-disperse spectrometer (EDS) attachment.
Results

Open circuit potential
The open circuit potentials of Mg-Ca, AZ31 and AZ91 alloys, as shown in figure 1 , are recorded in Hank's solution, DMEM and DMEM+FBS over 7 days. It can be seen that the OCPs increase significantly in the initial 12 h and remain nearly constant afterward for different alloys in different electrolytes. Mg-Ca and AZ31 alloys exhibit higher OCPs in DMEM than that in DMEM+FBS, followed by that in Hank's solution during 7 day immersion (figures 1(a), (b)). In contrast, the OCP of the AZ91 alloy increases for the initial 2 days in DMEM+FBS, which is higher than its corresponding OCP in DMEM, and thereafter decreases and remains constant at the values lower than those in DMEM, as shown in figure 1(c). Figure 2 shows the polarization resistance values of Mg-Ca, AZ31 and AZ91 alloys as a function of time in Hank's solution, DMEM and DMEM+FBS during 7 day immersion. It can be seen that the R p values increase rapidly during the first 12 h, and then increase slowly or remain constant till the end of the test. For the Mg-Ca alloy, the R p value in DMEM is higher than that in DMEM+FBS and Hank's solution. The AZ31 alloy exhibits a higher R p value in DMEM than that in DMEM+FBS initially and shows a decreased value lower than that in DMEM+FBS after 4 day immersion. For the AZ91 alloy, the R p value gradually increases in DMEM+FBS during the immersion period, which is higher than that in DMEM, followed by Hank's solution. Figure 3 shows the potentiodynamic polarization curves for the three kinds of experimental alloys after incubating them in Hank's solution, DMEM and DMEM+FBS for 7 days. The corrosion current density of the Mg-Ca alloy in DMEM (24. of the different alloy systems is inversely proportional to the polarization resistance (R p ∝ 1/i corr ), the current densities of the three alloys derived from the potentiodynamic polarization curves indicate the same variation as the linear polarization tests.
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Figures 4-6 show the Nyquist plots of Mg-Ca, AZ31 and AZ91 alloys in Hank's solution, DMEM and DMEM+FBS for different immersion times. The Nyquist plots of the three alloys display two or three time constants: two capacitive loops at high and intermediate frequencies and/or one inductive loop at low frequency. As reported in other works [17, 20] , the Nyquist plots with and without inductive loops are fitted with (a) the equivalent circuit (EC) (
, respectively. R s is related to the resistance of the electrode between the working and reference electrodes. R t (a charge transfer resistance) is parallel to the double layer constant phase element (CPE) at the vulnerable regions, C dl , and a CPE assigned to the layer, C f , is parallel to R f (the film resistance). The fitted EIS results (R f and R t values) of the experimental Mg-Ca, AZ31 and AZ91 alloys immersed in different biological environments as a function of immersion time are presented in figures 7-9. The R t values of the three experimental alloys are much higher than the R f values. R f and R t increase rapidly in the initial day and then reach a relative stationary value with occasional fluctuations with the prolonged immersion time in three different biological fluids. In addition, all the experimental alloys indicate higher impedance in DMEM or DMEM+FBS than that in Hank's solution. The R f and R t values of the Mg-Ca alloy in DMEM are higher than those in DMEM+FBS. The AZ31 alloy exhibits higher impedance in DMEM than that in DMEM+FBS in the first 3 day immersion and shows the opposite tendency thereafter. For the AZ91 alloy, R f and R t values are higher in the presence of FBS. Figure 10 shows the surface morphologies of Mg-Ca, AZ31 and AZ91 alloys, immersed in Hank's solution, DMEM and DMEM+FBS for 7 days, after potentiodynamic polarization. It can be seen that the Mg-Ca alloy shows severe corrosion morphology in Hank's solution and DMEM+FBS, the surface of which is covered by a large amount of corrosion products. In contrast, the corrosion surface in DMEM exhibits more even and plain morphology with cracks on it. AZ31 and AZ91 alloys suffer severe corrosion attack and are covered by a corrosion product layer in Hank's solution, whereas they show better corrosion resistance and only some local pits can be observed on the surface after polarization. The EDS results indicate that the main compositions of the corrosion product for Mg-Ca, AZ31 and AZ91 alloys are similar, including elements C, O, Na, Mg, P, Cl and Ca, as shown in figure 11 . Meanwhile, the corrosion product for samples immersed in DMEM and DMEM+FBS indicates a much lower content of Cl, but a higher content of C, Ca and P, than that in Hank's solution. The incorporation of Ca and P into the corrosion product film may influence the corrosion of experimental samples. Yamamoto [21] found increased content of Ca and P on the surface of Mg immersed in E-MEM+FBS for 14 days and showed decreased evolution of Mg 2+ . Rettig [22] attributed this corrosion layer composition as (Mg,Ca) x (PO 4 ) y (CO 3 
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Discussion
Magnesium corrodes actively in most environments at open circuit potential. When Mg-Ca, AZ31 and AZ91 alloys are exposed to the aqueous solution, the anodic dissolution of magnesium occurs and a corrosion film is expected to form on the surface. Therefore, the corrosion process will be associated with the continuous dissolution and regeneration of the corrosion films. [23] . Corrosion will spread laterally at these sites [20] .
On the other hand, hydrocarbonate will lead to magnesium carbonate formation on the sample surface and result in surface passivation. It was reported that the precipitation of MgCO 3 was more likely to occur in NaCl+NaHCO 3 than that of Mg(OH) 2 in NaCl even in the neutral range of pH value 7-8 [21] . Similarly, Xin [20] also reported the rapid passivation and pitting corrosion inhibition effect due to the fast precipitation of magnesium carbonate for the AZ91 alloy.
The amino acid (such as alanine, glycine and leucine) may also influence the corrosion behavior of the magnesium alloy. Amino acids may absorb onto the sample surface following Langmuir isotherm [24, 25] , decrease the current density and increase polarization resistance. These increased corrosion resistance results were also reported against the corrosion of steel and aluminum [24] [25] [26] .
Proteins usually adsorb on surfaces through a complex process that involves van der Waals, hydrophobic and electrostatic interactions and hydrogen bonding [27] . A protein adsorption layer is formed on AZ91 when BSA is added to SBF [17] . The adsorbed proteins influence the electric field on the metal surface because they are polarized at different potentials by the dissociation of their amino acid residues [28] . It was reported that the adsorbed protein inhibited the effect of pH change on the corrosion behavior of the titanium alloy [29] . And the homeostasis of dissolution and the regeneration of the corrosion films may be destroyed by the pH change inhibition effect in solution, and thus the corrosion rate of magnesium alloys is accelerated. In contrast to the increasing corrosion rate for the Mg-Ca alloy, AZ31 and AZ91 alloys exhibit reduced corrosion rates with the addition of FBS after 7 day immersion, which may be attributed to the aluminum element. When the test solution contacts the inner oxide layer, the solution reacts with the Al 2 O 3 layers, which are more stable and compact than the two loose external layers [17] . Moreover, the adsorption of protein to Al 2 O 3 , which is much easier than MgO/Mg(OH) 2 , can form another protective layer to block the anodic reaction and result in noble corrosion resistance [17] . The blocking effect on the corrosion reaction results in greater impedance in the DMEM+FBS compared to DMEM for the AZ91 alloy. Compared to pure Mg, AZ31 and LAE442 alloys showed much less variation of R p and i corr values with the addition of albumin in PBS [18] . The coarse particles of partially divorced eutectic Mg 17 Al 12 in the AZ91 alloy, acting as an electrochemical barrier for the corrosion progression [30] , may also favor the protein adsorption and cause the reduced corrosion rate. Liu [17] found an improved corrosion resistance for the AZ91 alloy by adding BSA in SBF.
Conclusions
(1) Mg-Ca, AZ31 and AZ91 alloys exhibited better corrosion resistance in DMEM than in Hank's solution. Their polarization resistance and impedance values were higher in DMEM compared to Hank's solution. ( 2) The Mg-Ca alloy indicated faster corrosion rate with the addition of FBS, whereas the AZ91 alloy showed the opposite tendency. The AZ31 alloy indicated higher corrosion rate in the DMEM+FBS solution than that in DMEM solution for the initial immersion period but exhibited the opposite sequence after 3 day immersion. (3) At the initial immersion stage, Mg-Ca, AZ31 and AZ91 alloys showed a strongly reduced corrosion rate. With the immersion time prolonged, the change of polarization resistance and impedance values showed only small fluctuations. (4) After 7 day immersion and polarization tests, Mg-Ca, AZ31 and AZ91 alloys presented flat surface film with cracks/some local round pits. Severe corrosion attack was seen for Mg-Ca, AZ31 and AZ91 alloys in Hank's solution.
